Orphan receptor GPR103, a pyroglutamylated RFamide peptide receptor (QRFPR), is a class-A G protein-coupled receptor (GPCR) and it is coupled to a Gi alpha subunit (Gi/0) and/or to a Gq protein. Synteny analysis revealed the existence of qrfpr paralogous genes in mouse, zebrafish and coelacanth. These paralogous genes emerged along with the species-specific gene or genome duplications that occurred during vertebrate evolution. Neuropeptide 26RFa (also termed QRFP) is the latest member of the RFamide peptide family to be discovered in the hypothalamus of vertebrates. 26RFa/QRFP is a 26-amino acid residue peptide that was originally identified from the frog brain. It has been shown to exert orexigenic activity in mammals and to be a ligand of the previously identified orphan G protein-coupled receptor, QRFPR. The structure, tissuespecific expression and biochemical activity of the 26RFa/QRFP-QRFPR system are conserved across the Chordata phylum, from fish to mammals. In order to study the molecular evolution of fish QRFPRs, we investigated the presence of natural selection on the QRFPR family using a bioinformatic approach. Overall, the obtained results clearly indicate that fish QRFPRs are under positive selection, but the positively selected amino acids did not significantly alter the biochemical properties of these proteins.
Introduction
Peptides, defined by their carboxy-terminal arginine (R) and amidated phenylalanine (F) residues (RFamide), have been identified in the nervous systems of animals within all major phyla. The first recognised member of the RFamide neuropeptide family was the cardioexcitatory peptide, Phe-Met-Arg-Phe-amide (FMRFamide), isolated from ganglia of the clam Macrocallista nimbosa (Lightfoot, 1786) (Price & Greenberg 1977) . Vertebrates and more especially invertebrates can each express an array of RFamide peptides, owing to the fact that multiple genes encoding RFamides are often present in a single species, and multiple mature RFamide peptides can be generated by a single polypeptide precursor. These peptides seem to act as neurotransmitters and neuromodulators (Walker et al. 2009 ). Immunohistochemical studies that used antisera against FMRFamide suggested that the nervous system of vertebrates also contain neuropeptides immunologically related to FMRFamide (Raffa 1988; Rastogi et al. 2001) . In fact, several neuropeptides harbouring the RFamide sequence at their C-terminus have been characterised in the brain of various vertebrates. In the past, the existence of five groups within the RFamide peptide family has been recognised in vertebrates, namely the neuropeptide FF (NPFF) group, the prolactin-releasing peptide (PrRP) group, the gonadotropin-inhibitory hormone (GnIH) group, the kisspeptin group, and the 26RFa/QRFP group (Chartrel et al. 2011; Leprince et al. 2013) . These RFamide peptides have been shown to exert important neuroendocrine, behavioural, sensory and autonomic functions (Ukena & Tsutsui 2005; Tsutsui & Ukena 2006) .
In humans, 26RFa/QRFP has been found to be an endogenous ligand for the orphan receptor, GPR103-QRFPR, which is a class-A G protein-coupled receptor (GPCR; Jiang et al. 2003) . Pyroglutamylated RFamide peptide receptor (QRFPR) shares relatively high sequence similarity with other RFamide receptors, notably those for NPFF, PrRP, kisspeptin and GnIH, and to a lesser extent with other peptidergic receptors for neuropeptide Y (NPY), galanin, orexin and cholecystokinin (Jiang et al. 2003 ). In addition, QRFPR possesses several features characteristic of class-A GPCRs, such as:
(1) a disulphide bridge between the two Cys residues located in the first and second extracellular loops (EL1 and EL2); (2) the existence of an Asp residue within the second transmembrane domain (TM2), that seems to play a pivotal role in G protein coupling; (3) a conserved Glutamic acid-Arginine (Glu-Arg) doublet sequence at the N-terminus of the second intracellular loop (IL2); (4) three conserved residues, i.e. Phe, Pro and Asn, within TM6 and TM7, which are crucial for receptor activation (Ukena et al. 2014) . Previous results suggested that QRFPR is coupled to a Gi/0 and/or to a Gq protein (Fukusumi et al. 2003 ). Furthermore, it has been reported that 26RFa/QRFP enhances corticosteroid secretion in human adrenocortical cells by regulating key steroidogenic enzymes involving Mitogen-Activated Protein Kinase/Protein Kinase C (MAPK/ PKC) and calcium ion (Ca 2+ ) signalling pathways via QRFPR (Ramanjaneya et al. 2013) .
In mammals, 26RFa/QRFP has been found to be a high-affinity endogenous ligand for the previously identified QRFPR. In rodents and monkeys, 26RFa/ QRFP plays diverse biological roles, including regulation of food intake and energy homeostasis, hormone secretion, nociception and bone formation. Recently, the mature sequences of 26RFa/QRFP have been identified by structural analysis in quail and zebra finch. In birds, as well as in mammals, 26RFa/ QRFP-producing neurons are only located in the hypothalamus, while QRFPR is widely distributed throughout the brain. In birds, 26RFa/QRFP also exerts an orexigenic action, as it does in rodents, and a similar effect of 26RFa/QRFP has been suggested in fish, because of upregulation of 26RFa/qrfp mRNA by a negative energy state (Ukena et al. 2014) .
Synteny analysis revealed the existence of paralogous qrfpr genes in mouse, zebrafish and coelacanth (Ukena et al. 2014) . These genes could have emerged along with species-specific gene or genome duplications that occurred during the evolution of vertebrates. Phylogenetic analysis data are consistent with synteny analysis (Ukena et al. 2014) . Although in the genome database there are homologous QRFPR sequences of Xenopus, zebrafish, coelacanth and lamprey (Ukena et al. 2014) , qrfpr genes have been studied only in mammals and birds. However, the structure, distribution pattern and biological actions of the 26RFa/QRFP-QRFPR system have been conserved across the vertebrate phylum, from fish to mammals (Ukena et al. 2014) . Therefore, in order to study the molecular evolution of these proteins and have more information on functional significance of 26RFa/QRFP-QRFPR pair in vertebrates, we verified the presence of natural selection on QRFPR from a heterogeneous taxonomic group: fish.
Materials and methods
Coding region and amino acid sequences of fish QRFPRs were available in the European Molecular Biology Laboratory (EMBL)/GenBank database (Table I) .
The T-Coffee multiple sequence alignment software package was used to obtain multiple sequence alignment (Notredame et al. 2000) . We decided to use theT-Coffee program in order to align amino acid and nucleotide sequences, because even though the method is based on the popular progressive approach to multiple alignment, it is characterised by a dramatic improvement in accuracy with a modest sacrifice in speed as compared to the most commonly used alternatives (Notredame et al. 2000) . jModelTest 2.0 (Darriba et al. 2012 ) was used to carry out statistical selection of the best-fit model of nucleotide substitution. Analyses were performed using 88 candidate models and three types of criteria [Akaike Information Criterion (AIC), Corrected Akaike Information Criterion (cAIC) and Bayesian Information Criterion (BIC)].
To select the best-fit model for the analysis of protein evolution, ProtTest 3 was used (Darriba et al. 2011) . One hundred and twenty-two candidate models and the three previously mentioned criteria were used in these statistical analyses.
Phylogenetic trees were built using the Bayesian inference (BI) method implemented in Mr. Bayes 3.2 (Ronquist et al. 2012) , and the Maximum Likelihood (ML) method implemented in PhyML 3.0 (Guindon et al. 2010 ). In the BI analyses, four independent runs, each with four simultaneous Markov Chain Monte Carlo (MCMC) chains, were performed for 1,000,000 generations sampled every 1000 generations. Using PhyML 3.0, bootstrap analyses were performed on 100,000 trees using two algorithms of tree topology improvement, nearest neighbour interchange (NNI) and subtree pruning and regrafting (SPR). FigTree (http://tree.bio.ed.ac. uk/software/figtree/) software was used to display the annotated phylogenetic trees.
Genetic algorithm recombination detection (GARD) and single breakpoint recombination (SBP) programs (Kosakovsky Pond et al. 2006) were used to identify possible breakpoints in the qrfpr codon sequences.
In order to detect the presence of positive selection in QRFPR molecular evolution, we used statistical methods implemented in the HyPhy package (Kosakovsky Pond et al. 2005) ; single likelihood ancestor (SLAC), fixed effects likelihood (FEL), random effect likelihood (REL) and fast unconstrained Bayesian approximation (FUBAR) software is useful to detect the presence of possible positive selection, and mixed effects model evolution (MEME) is an excellent program to detect sites under episodic diversifying selection (Murrell et al. 2012) .
The property-informed models of evolution (PRIME) program (http://hyphy.org/w/index.php/ PRIME) was used to detect the variation of QRFPR biochemical properties which are driving the amino acid substitutions.
Results

Molecular clock tests
We performed a Bayes factor comparison using Mr. Bayes 3.2 to test the strict clock model against the nonclock (unconstrained) model using qrfpr cDNA coding region sequences. Furthermore, we used the same approach to test all three relaxed clock models implemented in MrBayes 3.2. The models are the Thorne-Kishino 2002 (TK02) model (Thorne & Kishino 2002) , the compound Poisson process (CPP) model (Huelsenbeck et al. 2000) and the independent gamma rates (IGR) model (Lepage et al. 2007) . We generated an accurate assessment of the marginal model likelihoods using the stepping-stone method. It estimates the model likelihood by sampling a series of distributions that represent different mixtures of the posterior distribution and the prior distribution (Xie et al. 2011) . The stepping-stone method was applied to the qrfpr data set using 510,000 generations with a diagnostic frequency of 2500 in two independent runs 
Fish QRFPR sequences analyses
The multiple alignment of fish QRFPR amino acid sequences is reported in Figure 1 . The total score value was 97, indicating that the multiple alignment was characterised by a high level of similarity among the different sequences. Furthermore all fish QRFPRs have the features characteristic of class-A GPCRs, represented by the putative Transmembrane Domains (TMDs), a disulphide bridge between two Cys residues located in the first and second extracellular loops, the Asp residue in TMD2 involved in G protein coupling, the conserved Glu-Arg residues in the second intracellular loop and the conserved Phe, Pro and Asn residues in TMD6 and TMD7.
Phylogeny of QRFPR
The CPP molecular clock model was used as evolution model in cDNA and amino acid phylogenetic tree building. All cDNA coding region sequences were aligned using T-Coffee in combined libraries of local and multiple alignments, which are known to induce high accuracy and performance in sequence alignments. jModelTest 2.0 software indicated that the GTR+G model is the best-fit model to analyse the evolution of qrfpr coding sequences, with a gamma shape value (four rate categories) of 0.607 using all statistical criterion: AIC, cAIC and BIC (−lnL = 15,162.51). BI and ML analyses generate phylogenies with the same topology ( Figure 2 ). ProtTest3 statistical results determined the JTT +G model as the best one to apply for the phylogenetic analysis of QRFPR amino acid sequences, with a gamma shape value (four rate categories) of 0.624 using all statistical criteria (−lnL = −7557.55). Figure 3 shows the common topology generated by the application of the BI and ML methods. The sequence used as out-group to root the tree, the amphioxus QRFP receptor, always branches off basally to all vertebrate QRFPR sequences, according to the results of Larhammar et al. (2014) .
The cladogram based on amino acid sequences ( Figure 3 ) is better resolved with respect to that obtained with open reading frames (ORFs), and all of them are supported by high posterior probabilities and bootstrap values of the BI and ML analyses, respectively. However, in the cladogram based on amino acid sequences, fewer nodes were supported by bootstrap values higher than 50%, even if all nodes were supported by posterior probability values higher than 50%. In both phylogenetic trees, QRFPR1, QRFPR2 and QRFPR4 are clearly grouped in the corresponding clade, but all of them are included in a "big" clade, which is separated from the clade containing all the QRFPR3 sequences. However, only in the cladogram based on amino acid sequences did a clade emerge containing all QRFPR3 Table II . Marginal likelihood values in each of the two independent runs, and the resulting mean values for each of the tested models using the stepping-stone method. Compound Poisson Process (CPP), Thorne-Kishino 2002 (TK02) which are designed to identify the sites subject to pervasive selection (a large proportion of positively selected sites). These techniques may fail to recognise the sites where selection is episodic (Messier & Stewart 1997) . For this reason, we used the MEME program, which is able to identify instances of both episodic and pervasive positive selections at the individual site level (Murrell et al. 2012) . In order to investigate the presence of positive selection, we applied all the previously mentioned bioinformatics methods to the fish qrfpr codon sequence alignment.
In Table III , the identified positively selected codon sites are presented. FUBAR and MEME results were statistically significant (p < 0.05). All the other program results (REL, SLAC and FEL) were not statistically significant. Kosakovsky Pond and Frost (2005) indicated that selection analyses of alignments with recombinants in them using a single tree could generate misleading results, if all qrfpr codon sequences had not been screened for recombination. Thus, we used the GARD and SBP programs (Kosakovsky Pond et al. 2006 ) to identify possible breakpoints in the qrfpr consensus codon sequence. The GARD and SBP applications did not find evidence of breakpoints in the qrfpr consensus codon sequence. In order to verify which biochemical properties are driving substitutions at different sites in the qrfpr codon sequence alignment and which properties are being selected for the advantageous changes in our previously identified positively selected sites, we performed other bioinformatics analyses using the PRIME program. In these analyses, both predefined sets of five aminoacid properties were used, being the five empirically measured properties used by Conant et al. (2007) and the five composite properties proposed by Atchley et al. (2005) . PRIME builds on the same conceptual frameworks as FEL (Kosakovsky and MEME (Murrell et al. 2012 ), but allows the nonsynonymous substitution rate (dN) to be depend not only on the site in object (like FEL and MEME), but also on which residues are being exchanged (e.g. I-V would be different from K-R).
In Tables IV and V, conserved and altered biochemical properties, which are driving amino acid substitutions in fish QRFPR molecular evolution, are shown, based on Conant-Stadler and Atchley properties, respectively. Only one of the amino acids, corresponding to the positively selected codon sites previously identified by our analyses, seems to be significantly altered in at least one of the five considered biochemical properties. It is represented by the positively selected codon 485, whose refractivity or heat capacity was significantly altered at the corresponding amino acid site, according to the analyses based on Atchley properties. On the contrary, at the positively selected codon 276, the analysis based on Figure 3 . Phylogenetic relationships among different organisms' QRFPRs reconstructed on the basis of amino acid sequences and using both methods: BI (Bayesian Inference) (arithmetic mean = −10,508.75; harmonic mean = −10,545.58) and ML (Maximum Likelihood) (arithmetic mean = −10,438.4). Bayesian posterior probability (first number value) and bootstrap values higher than 50% are indicated on each node, respectively. The scale for branch length (0.3 substitution/site) is shown below the tree. Atchley properties indicated that the corresponding amino acid refractivity or its heat capacity was significantly conserved. Figures 4 and 5 show the property importance plots of Conant-Stadler and Atchley properties, respectively. As is shown by these graphics, although one of the properties of the amino acid site 276 was significantly conserved, the amino acid volume was altered ( Figure 5 ), but it was not statistically supported.
Discussion
QRPFR molecular evolution
Although cDNA coding region and amino acid sequence alignments are characterised by a high level of similarity among the respective sequences, the amino acid sequence alignment turned out to be better than the coding sequence one, because its quality score value (98) was higher than the corresponding value (92) of the coding sequence alignment. Even considering only fish QRFPRs, the amino acid sequence alignment score value (98) was higher than the corresponding value (93) of the coding sequence alignment. The high score values obtained by sequence alignment analyses suggested a high level of homology among the various fish sequences, also supported by the high conservation level of the putative TMDs (Figure 1 Balaji et al. (2003) suggested that there is tolerance to the substitution of buried apolar residues by charged residues in the homologous protein structures, and in some cases it depends on the nature of the substitutions and the presence of an appropriate amino acid in the proximity of the substituting position. Thus, we Table IV . Conserved and altered biochemical properties, which are driving amino acid substitutions in the fish QRFPR molecular evolution. These PRIME (property-informed models of evolution) analyses were based on Conant-Stadler properties and the results were statistically significant for p-values < 0.05. α is a measure of the importance of the alteration or conservation; for lower (negative) α values, the level of conservation of the corresponding property is higher at a given site and for higher (positive) values of α value, the alteration of the corresponding property is more radical at a given site. Altered properties results are shown on a dark grey background, while conserved properties results are shown on a light grey background. can hypothesise that in this apolar-to-polar substitution, an important role is played by the Cys residue located next to the Ser, which might have been constrained to take possession of the necessary characteristic in order to form the disulphide bridge with the other C residue located in the first extracellular loop. The coelacanth Latimeria has been designated as a "living fossil" because the lineage disappeared from the fossil record in the Cretaceous period, about 80 million years ago (Pyron 2010) . Together with the lungfishes, the coelacanth is considered the closest living relative of the tetrapods (Shan & Gras 2011) . Thus, Latimeria harbours a key position in the evolution of vertebrates, including mammals. L. oculatus is a member of the Holostei infraclass, which diverged from teleosts (the Teleostei infraclass) before the teleost genome duplication (Amores et al. 2011 ). In the phylogenesis proposed by Braasch et al. (2014) , based on paired-related homeobox (Prrx) gene evolution, and by Near et al. (2012) , based on nine nuclear genes, L. oculatus emerges early in the Actinopterygii clade, ending up nearer to L. Table V . Conserved and altered biochemical properties which are driving amino acid substitutions in the fish QRFPR molecular evolution. These PRIME (property-informed models of evolution) analyses were based on Atchley properties and the results were statistically significant for p-values < 0.05. Altered properties results are shown on a dark grey background, while conserved properties results are shown on a light grey background. phylogeny reconstruction. The remaining teleost QRFPRs, belonging to Acanthomorphata, are positioned into the fish QRFPR phylogenetic tree in the same position, as in the species phylogenetic tree reported by Braasch et al. (2014) . For instance, in amino acid base tree topology, the QRFPR of the Tetraodontiformes, Japanese pufferfish [Takifugu rubripes (Temminck & Schlegel, 1850) ] was grouped together with the QRFPR of another member of Percomorpharia (D. labrax), similarly to the results reported by Braasch et al. (2014) , where T. rubripes is grouped together with three-spined stickleback (Gasterosteus aculeatus Linnaeus, 1758; member of Percomorpharia).
Some discordances emerged also from the comparison between the topologies obtained from the analyses performed with coding regions and amino acids, especially in relation to the positions of D. labrax, S. partitus and L. oculatus QRFPR3s. We hypothesise that they might be the result of differences in substitution rates, supported by the great difference in the branch lengths of the two phylogenetic trees. The estimated mean amino acid substitution rate (0.8 substitution/site) was bigger than the average nucleotide substitution rate (0.57 substitution/site), estimated by MEGA 6 (Tamura et al. 2013 ). However, the estimated mean amino acid substitution rate of the fish data set (0.49 substitution/site) is comparable to the mean base substitution rate (0.56 substitution/site), but generally the estimated evolutionary divergence among the nucleotide sequences is much higher than the evolutionary divergence among amino acid sequences. Probably this could be explained only by a situation where the nonsynonymous substitution rates (dN) were higher than synonymous substitution rates (dS). A statistically significant excess of nonsynonymous substitution (dN > dS) could be interpreted as positive selection (Kosakovsky Pond & Frost 2005) .
Another point to highlight is the phenomenon of gene duplication that seems to be related to the evolutionary history of these proteins. This is evident in some species having multiple isoforms (D. rerio, L. oculatus and A. mexicanus), but it does not seem a general phenomenon, although we can not exclude that other species may have isoforms not yet identified. However, the gene duplication of qrfprs does not seem to be a phenomenon that occurred at an ancestral level, before the differentiation of fish taxa, but rather occurred several times during their evolution. The presence of four qrfpr clades (Larhammar et al. 2014) suggests an origin by duplications resulting from the two basal tetraploidisations, 1R and 2R, thus forming a paralogon (a set of paralogous chromosomal regions containing members of the same gene families as a result of the duplication of a large block or an entire chromosome). However, sequence-based analyses may be skewed due to uneven selection pressures, due to the many possible losses of qrfpr genes in the various species or lineages. Therefore, some additional information should be considered.
As result of our phylogenetic analyses, there is probably the need to rename some fish QRFPR isoforms. In particular, according to the isoform nomenclature used by Larhammar and colleagues (2014) , D. rerio, L. oculatus and A. mexicanus QRFPRs, emerging together and clearly separated from the other isoforms, can be indicated as belonging to the same isoform, 4. Since the two sequences of O. niloticus are the product of a single-gene alternative splicing, they should be considered two variants of isoform 3, and we propose to indicate them as QRFPR3x1 and QRFPR3x2.
Positive selection in fish QRFPR molecular evolution Evolutionary biologists have typically invoked two types of selective forces that shape the evolution of species. One is purifying selection, which favours the conservation of existing phenotypes. The other is positive selection (also known as Darwinian selection), which promotes the emergence of new phenotypes. Positive selection can leave a set of telltale signatures in the genes under its influence, such as the rapid divergence of functional sites between species and the depression of polymorphism within species (Bamshad & Wooding 2003) . The imprint of natural selection (positive selection) on protein coding genes is often difficult to identify, because selection is frequently transient or episodic, i.e. it affects only a subset of lineages. Our results support the Murrell et al. (2012) hypothesis, that natural selection is predominantly episodic, with transient periods of adaptive evolution masked by the prevalence of purifying or neutral selection on other branches. Previous work on calreticulin molecular evolution indicated that a significant number of codon sites involved in positive and purifying selection were functionally or structurally important, as demonstrated by wet-lab analyses (Bakiu 2014) . However, our results must be confirmed experimentally, using a targeted experimental approach. For example, it could be extremely interesting to perform site-specific mutagenesis experiments, in order to determine the functional and/or structural importance of the positively selected sites.
Conserved/altered amino acid biochemical properties in fish QRFPR molecular evolution
Recent studies have shown that amino acid exchangeability varies across organisms (Dunn et al. 2013) and across genes (Conant et al. 2007 ), depending on physico-chemical properties, so that the same substitution may sometimes be radical (having a large effect on protein structure and/or function) or conservative (having little effect on structure or function). Tourasse and Li (2000) found that observed substitution patterns resulted from the unique functional characteristics of individual protein families. Variation can be expected from site to site within a protein. For instance, amino acids with different hydrophobicity may be unchangeable at sites where the protein fold is sensitive to hydrophobicity, but exchangeable at sites where it is insensitive to hydrophobicity. PRIME analyses suggest that there are more conserved than altered amino acid biochemical properties in fish QRFPR molecular evolution. However, at least one statistically significant alteration was observed at one of the positively selected amino acid sites. Atchley property results ( Figure 5 ) indicate that the polarity index property was not altered in any of the positively selected sites. A strong evolutionary basis exists for a complex pattern of covariation involving all the polarity index-related attributes. Atchley et al. (2005) described in considerable detail the patterns of variability in buried hydrophobic versus accessible hydrophilic amino acids in the dimerisation domain of basic helixloop-helix (bHLH) proteins. These observed patterns were related to natural selection, evolutionary change and phylogenetic divergence. Refractivity and heat capacity, which reflect codon and amino acid diversity, are properties that exhibit significant correlation with positive selection and evolutionary change (Atchley et al. 2005) . In our analyses, the positively selected site 485 exhibited a statistically significant (p < 0.05) altered refractivity/heat capacity. Atchley et al. (2005) demonstrated that the remaining three properties do not indicate significant association between physiochemical attribute variation and evolutionary patterns of amino acid substitution, and they cannot be ascribed to evolutionary divergence, but rather to nonevolutionary changes in structure and function. Although there is a significant altered refractivity or heat capacity, as mentioned, due to a polarity alteration at amino acid site 485, like the secondary structure and volume properties alteration, it is not statistically significant. In conclusion, our results suggest that in the molecular evolution of fish QRFPRs, positive selection did not significantly alter the amino acid biochemical properties of any positively selected sites.
